We created a cross-species display system that allows the display of the same antibody libraries on both prokaryotic phage and eukaryotic yeast without the need for molecular cloning. Using this cross-display system, a large, diverse library can be constructed once and subsequently used for display and selection in both phage and yeast systems. In this article, we performed the parallel phage and yeast selection of an antibody maturation library using this cross-display platform. This parallel selection allowed us to isolate more unique hits than single-species selection, with 162 unique clones from phage and 107 unique clones from yeast. In addition, we were able to shuttle yeast hits back to Escherichia coli cells for affinity characterization at a higher throughput.
Introduction
Recombinant human libraries have become one of the major sources of human antibodies for therapeutic and diagnostic applications (Bradbury and Marks, 2004; Hoogenboom, 2005) . Over the past 20 years, two major types of human antibody libraries, naïve and synthetic, have been developed based on the source of antibody gene diversity (Vaughan et al., 1996; Sheets et al., 1998; de Haard et al., 1999; Hoet et al., 2005; Fellouse et al., 2007; Rothe et al., 2008) . The diversity of a naïve antibody library originates directly from the human antibody repertories by cloning the antibody variable domain genes from B cells of healthy donors. The random shuffling of natural heavy chain variable (VH) and light chain variable domains for library assembly creates additional diversity. The construction of semi-or fully synthetic libraries follows different rules to introduce antibody diversity, mainly focusing on the complementarity-determining regions (CDR) loops by randomization of the amino acids in antigen-binding sites. The synthetic diversity generates a more thorough sampling of antigen-binding site architecture and is beyond the scope of the natural immune system. The extent of theoretical diversity created by chain shuffling and/ or antigen-binding site randomization is astronomically large, far exceeding the current technical limitations of library construction and selection.
To isolate antibodies against virtually any antigens, including non-immunogenic self-antigens, the library size and selection strategy have proven to be the most critical factors in exploiting the potential diversity of a given antibody library. Previous studies suggest that a library of .10 10 clones may be necessary for the isolation of antibodies with nanomolar to sub-nanomolar affinities (Hoogenboom, 2005) . So far, phage display technology is the most commonly used platform for antibody library construction and selection due to its numerous practical advantages. Phage display offers the convenience of manipulating the library panning process, with high library density (up to 10 14 phages/ml) and a small amount of starting antigen, for various applications, including selection against antigens on whole cells, in tissues and even in animals. To date, the largest reported phage antibody libraries exceed 10 11 clones. As an alternative to prokaryotic phage display, yeast surface display has become increasingly attractive because of its unique advantages: a eukaryotic expression apparatus that is favorable to human protein folding and post-translational modification, and quantitative and visualizable selection using fluorescence-activated cell sorting (FACS). The yeast Saccharomyces cerevisiae has been applied successfully to display and engineer various proteins, including antibodies (Boder and Wittrup, 1997; Gai and Wittrup, 2007) . Yeasts displaying naïve human antibody libraries of 10 9 entities have also been reported for the isolation of human antibodies against various antigens (Feldhaus et al., 2003; Weaver-Feldhaus et al., 2004) . In practice, the use of eukaryotic yeast cells for a large library selection is less robust due to some technical limitations. FACS is restricted to the selection of a relatively small population of cells. For efficient selection of a large library, additional steps of magnetic-activated cell sorting (MACS) are needed to reduce the library to a size that FACS can sort (Chao et al., 2006) . Given the relatively large volume of yeast cells and lower library density (10 9 cells/ml) compared with phages, to effectively select a library of .10 10 entities, multiple parallel MACS and FACS processes will be required, with tens to hundreds of milliliters of starting yeast.
Library selection is a complex process with many attributes that can significantly affect the selection outcomes. Besides binding affinity and specificity, the biases associated with host-related expressibility and expression-induced host toxicity can also play a dominant role. In general, multiple † Equal contribution to this work. rounds of library selection will lead to isolation of the dominant binders with growth advantages in a given host. The clones with low expression or higher host toxicity will potentially get lost after repetitive library enrichments and amplifications. The selection of an HIV-immune scFv antibody library in yeast display has allowed the isolation of many new clones that were not seen with phage display due to their low expression in Escherichia coli (Bowley et al., 2007) . We have also observed bias from the selection of a synthetic diverse library. Our data showed that only one-third of phage binders isolated from the synthetic antigen-binding fragment (Fab) library were expressed well in yeast and that the Fabs with low yeast expression showed non-detectable yeast surface display (unpublished data) . Ideally, a library should be selected in parallel with both systems to ensure the selection of binders with diverse biochemical and biophysical properties.
A cross-species display system that allows one to exploit the strengths of prokaryotic and eukaryotic display systems would represent a significant advancement for antibody discovery and engineering. Prior display systems based on fusing a library of protein sequences with a specific outer surface protein are limited to the single species of the host from which the surface protein is derived. With our recently reported adapter-directed display systems (Wang et al., 2010a,b) , display shuttling between different species becomes possible. Here, we show how to build a phage and yeast cross-display system and demonstrate the application of this system to parallel phage and yeast selection and screening of antibody Fab libraries.
Materials and methods

Vector construction
The cross-species display system consists of three vectors, a phage and yeast cross-display vector and two speciesdependent helper vectors (Fig. 1) .
The display vector pMAT33, shown in Fig. 2a , was created from the backbone of the commercial vector pUC19 by insertion of a synthetic DNA fragment at the AatII and PciI sites. This synthetic DNA fragment comprised of the following: (i) f1 ori; (ii) an expression cassette for the fusion of the VH-CH1-GR1-HA/His-tag with a signal sequence of the yeast endo-B-1,3-glucanase protein Bgl2p at its 5 0 end and yeast ADH1 termination sequence at its 3 0 end, which was driven by a yeast pGAL1 promoter and a bacterial Lac promoter inside a short yeast intron; (iii) an expression cassette for the light chain of Vk-Ck with a signal sequence of the yeast endo-B-1,3-glucanase protein Bgl2p at its 5 0 end and the yeast CYC1 termination sequence at its 3 0 end, which is driven by a yeast pGAL1 promoter and a bacterial Lac promoter inside a short yeast intron; (iv) yeast CEN/ ARS ori for replication; and (v) an expression cassette for the yeast TRP1 auxotrophic marker. The sequence of the synthetic DNA was confirmed by DNA sequencing.
The GMCT helper phage vector (Wang et al., 2010a) was constructed by replacing the KpnI -BamHI fragment of gene III in KO7kpn-B9 with a synthetic DNA fragment encoding the following: (i) a partial pIII leader (amino acid residues 11-19); (ii) the GR2 coding sequence and the myc-tag sequence in frame with the pIII C-terminus domain sequence (amino acids 217 -405); and (iii) a ribosome-binding sequence (S/D) and the leader sequence of bacterial protein OmpA fused with wild-type N-terminus gene III (amino acids 1 -197) . Both the engineered and wild-type gene III were under the control of the original gene III promoter.
The yeast helper vector pMAT8 (Wang et al., 2010b) was derived from the commercial vector pUC19 by inserting a synthetic DNA fragment between the AatII and PciI restriction sites. This synthetic DNA comprised sequences for three expression cassettes: (i) a yeast URA3 auxotrophic marker for selection; (ii) zeocin, for selection; and (iii) the outer wall protein Cwp2 (amino acids 25-92), fused at its N-terminus with the GR2 adapter, a Myc-tag, an SG linker (S 2 G 3 SG 3 SGSG 4 SG 3 SGS 3 ) and the S/T-rich region from Flo1 (amino acids 1088-1432). The Cwp2 fusion gene was controlled by the galactose-inducible GAL1 promoter and the secretory signal sequence of yeast Flo1.
Library design
The antibody structure was built using the Abmaxis antibody structure prediction tool (Luo et al., 2006) . The structure templates for each fragment, chain and variable fragment (Fv) were selected by remote homology modeling. The predicted Fv structures were sorted by the energy-scoring function implemented in CONformation GENerator. The top 300 Fv structures were clustered into six clusters based on the position of the backbone Ca, with a cutoff of 1.5 Å . The Fv conformations with the lowest energy score in each cluster were selected.
The mutation effects on the Fv folding stability and binding affinity were calculated to rank mutations at heavy chain CDR regions (Dong and Zhou, 2006) . The antibody folding stability was evaluated by the unfolding free energy. Hydrogen atoms were added onto the modeled Fv structure in visual molecular dynamics (VMD), followed by energy minimization using not just another molecular dynamics program. The structures after energy minimization were treated as the folded state for the wild-type Fv. The unfolded states were modeled as the residues under mutations exposed to the solvent with the charge -charge interaction using the Gaussian-chain model. Mutation structures were generated using side-chains with a Rotamer library 3 and VMD. The polar contributions to the protein free energy were obtained by solving the Poisson -Boltzmann equation using the finite difference method with a grid size of 0.3 Å in adaptive Poisson-Boltzmann solver (APBS). The non-polar contributions were calculated using the Apolar module in APBS, which includes both a cavity creation term from scaled particle theory and the dispersion term from the Weeks2Chandler2Anderson framework. Assisted model building with energy refinement (AMBER) force field was used to set the parameters for each antibody atom, including charges and radii.
RosettaDock was used to predict antibody -antigen complex conformation. The sampled complex conformations were sorted by the Rosetta score and clustered according to the Fv backbone Ca atom. The conformation with the lowest score in the largest cluster was selected as the complex conformation to screen the effect of a mutation on binding affinity. The binding free energy was defined as the difference of free energy between the complex and separate proteins. 
Parallel selection of antibody libraries
Both polar and non-polar contributions were calculated using APBS with AMBER force field.
The single mutations with equal, better and slightly worse folding and binding stabilities than wild type were selected to scan for the mutant combinations with better folding and affinity. The resulting VH optimization library had mutations with 2 -3 amino acid substitutions at the positions of 31, 33, 34 and 35 (Kabat numbering) on CDR1-H; at 50, 54, 58, 61, 64 and 65 on CDR2-H; and at 95, 96, 97, 98, 100 and 100a on CDR3-H, with the library size of 1.1 Â 10 9 variants.
Library construction
Construction of the synthetic library consisted of the following three consecutive steps: synthesis of library-degenerate oligos (40 -60mer), polymerase chain reaction (PCR)-based assembly of overlapping oligos into the VH library, and cloning of the assembled library into the Fab display vector. For VH library assembly, 17 overlapping oligos were mixed together according to oligo diversity to make a 0.5 mM oligo solution. Fifty-microliter PCR solutions were then prepared with 0.5 mM of 5 0 and 3 0 primers, 100 mM dNTPs, 2 ml of Pfu DNA polymerase and 1 -3 ml of library oligo mixture. The PCR solutions were pre-heated at 948C for 2 min, then amplified with 25 thermal cycles of denaturation (948C, 45 s), annealing (518C, 45 s) and elongation (728C, 1 min.), followed by a final step at 728C for 10 min. The PCR-amplified DNA was purified using the QIAquick PCR Purification Kit (Qiagen) and digested with BsmBI and XhoI. The ligation reaction was carried out for overnight at 168C, with the following reaction mixture: 10 mg vector DNA, 3 mg insert library DNA and 6 ml T4 DNA ligase in 1Â ligation buffer (New England BioLabs). The ligation products were purified using the QIAquick PCR Purification Kit and transformed into TG1 cells by electroporation with a mix of 1.2 mg DNA and 200 ml of electro-competent cells. The electroporations were repeated to achieve enough colony-forming units . The transformed cells were plated on 2YT agar plates with 2% glucose and 100 mg/ml carbenicillin.
Phage library panning
For library selection against antigen on surface, the Fab libraries were panned against antigens coated in Maxisorp wells (Nunc-Immuno Modules) at a concentration of 2-10 mg/ml. Multiple wells of antigen were prepared for each library. Milk (5%) in phosphate buffered saline (PBS) was used to block the coated wells at room temperature for 1 h. After a wash with PBS, 100 ml of phage library solution/ well (usually 1 -5 Â 10 12 in 5% milk-PBS) was added into four parallel wells and incubated for a designated length of time (usually 1 -2 h). After several washings with PBS with 0.1% Tween-20 (PBST) and PBS, the bound phages were eluted from the wells with freshly prepared 1.4% triethylamine in ddH 2 O by 10 min of incubation at room temperature, followed immediately by neutralization by adding 50 ml of 1 M Tris-HCl ( pH 6.8).
The biotinylated proprotein convertase subtilisin/kexin type 9 (PCSK9) protein was used for phage selection in solution. Briefly, 2 mg of bion-PCSK9 protein was incubated with 8 Â 10 12 library phages ( pre-depleted with streptavidin beads) in 5% milk-PBS for 1 h at room temperature. The antigen-bound phages were captured by MyOne Streptavidin beads (Invitrogen) with 30 min of incubation. After 10 washes with PBST and PBS, the bound phages were eluted from the magnetic beads by 1.4% triethylamine.
The eluted, enriched phage pool was further amplified through the following steps. First, TG1 cells were infected with eluted phages at 378C for 1 h, then plated out on 2YT agar plates with 2% glucose and 100 mg/ml carbenicillin for overnight incubation. Thus, TG1 cells harboring enriched phagemid library were harvested from the plates and infected with helper phage GMCT for 1 h. The Fab-display phages were then generated from those TG1 cells harboring both library phagemids and GMCT helper phage by overnight growth in 2ÂYT/carbenicillin/kanamycin at 228C. The phagemid particles were purified from overnight culture supernatants by precipitation with polyethylene glycol (PEG)/ NaCl and re-suspended in PBS. The PEG precipitation was repeated once. The phage concentration was determined by OD 268 measurement, assuming 1 unit at OD 268 was 5 Â 10 12 phage particles/ml. The panning process as described above was repeated multiple times to further enrich antigen-binding phages. The eluted phages from the final-round panning were used to infect TG1 cells. The TG1 cells harboring phagemids were picked from 2YT agar plates for sequencing and Fab enzyme-linked immunosorbent assay (ELISA) screening.
Phage antibody binding activity
To measure the phage-displayed antibody activity, ELISA plates were coated with 0.2 mg antigen/well in pH 9.6 coating buffer (0.1 M sodium bicarbonate) at 48C overnight. After 5% milk-PBS (MPBS) blocking, serial dilutions of phage in 2% MPBS at concentrations of 10 9 -10 13 /ml were placed into the wells of the ELISA plate for 1 h. The wells were washed thrice with PBST and PBS, and the phage bound to antigen was detected by incubation with horseradish peroxidase (HRP)-conjugated anti-M13 antibody for 1 h at room temperature. After washing away unbound HRP conjugates, the substrate 2,2 0 -azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt was added to the wells to measure HRP activity.
Yeast strains and culture
Saccharomyces cerevisiae strain KQP600 was generated by chromosomal integration of yeast helper vector pMAT8 (Wang et al., 2010b) Cell fluorescence was measured in a FACSAria (BD Biosciences, San Jose, CA, USA). The gate was set to encompass the singlet events on the FSC vs. SSC plot. Alexa Fluor 633 -or Alexa Fluor 647-labeled antibodies displayed on the yeast surface were detected using a photomultiplier tubes (PMT) with a 660/20-nm bandpass filter. For the T33 library, two rounds of FACS sorting with a 0.1% sorting gate were performed using a FACSAria. For selection of the maturation library, the sorting gate was set up at 1% for the first and second rounds of antigen binding and 0.1% for the last three rounds. Surface antibodies were detected using a PMT with a 530/30-nm bandpass filter for expression (Alexa Fluor 488) and a 660/20-nm bandpass filter for antigen binding (Alexa Fluor 647), respectively. The data were acquired and analyzed using BD FACSDiva 6.1 software (BD Biosciences).
Library analysis by colony PCR
After phage and yeast selection, the colonies were randomly picked for two types of PCRs. One used a pair of T33-specific primers to determine how many clones had T33 insert; the other detected Fab inserts, including T33 and background Fabs, using a pair of primers targeting the constant regions of CH1 and Ck. The PCR solutions were pre-heated at 948C for 2 min, followed be 35 cycles of denaturation (948C, 45 s), annealing (518C, 45 s) and elongation (728C, 1 min), with a final cycle of 728C for 10 min.
Affinity measurements of yeast hits in E.coli
Yeast cells post-sorting were grown on SD-CAA minus TRP & URA plates overnight and harvested. Two grams of yeast cells (wet weight) were harvested from 100 ml overnight culture with OD 600 ¼ 5 by centrifugation. The yeast pellet was rinsed once in water and resuspended in 4 ml of freshly prepared SCE buffer (1 M sorbitol, 0.1 M NaAc, 60 mM EDTA, pH 7.0). Zymolase (5 -8 mg) and ß-mercaptoethanol (30 ml) were added and incubated for 1 h at 378C. The yeast spheroplasts were spun down at 4000 rpm for 5 min and resuspended in 4 ml of P1 buffer from the QIAGEN plasmid midi kit. The library DNA was prepared by following the instructions in the QIAGEN kit and then resuspended in 200 ml water.
The extracted library DNA from the post-sorting yeast cells was transformed into E.coli TG1 cells. After overnight incubation on agar plates, single TG1 colonies were picked, grown in a 96-deep-well plate and induced overnight with 0.5 mM isopropyl-b-D-thio-galactoside (IPTG) for Fab expression. The Fab-containing supernatants were subjected to affinity characterization on ProteOn XPR36 (Bio-Rad). A GLC sensorchip was immobilized with anti-Fab antibody (Sigma) using amine coupling according to the manufacturer's instructions. The final anti-Fab immobilization level was 4000 RU. To capture the soluble Fabs, the Fab supernatant samples were injected at 30 ml/min for 2 min. Then PCSK9 protein solutions of five different concentrations, 80, 40, 20, 10 and 5 nM, were injected simultaneously at 30 ml/ min for 2 min for association, followed by 10-min dissociation at the same flow rate. The surface was regenerated by three 30-s injections of 100 mM H 3 PO 4 at 100 ml/min. The affinities (KDs) were determined by fitting the curves of five concentrations with a 1:1 Langmuir model globally.
Results
The design of a phage and yeast cross-display system
The adapter-direct display platforms are modular systems, consisting of two types of vectors (modules): display vectors and helper vectors (Wang et al., 2010a,b) . As the display vectors avoid the surface-anchoring sequences, they can be used to display proteins on the surfaces of multiple species through the combination of various species-specific helper vectors. To create a cross-species display system that can shuttle displayed proteins between phage and yeast surfaces, three vectors, a dual-functional phage and yeast cross-display vector and two species-dependent helper vectors, are required.
As illustrated in Fig. 1 , the display vector functioned in both E.coli and yeast and expressed a secreted protein fused to a small adapter (adapter 1) (middle panel in Fig. 1 ). To display on the phage surface, the helper phage vector is required. In a helper phage vector, adapter 2, which can form a pair-wise heterodimer with adapter 1, is fused in frame with one of the phage coat proteins (Wang et al., 2010a) . When both adapter fusions are transported into the periplasm of E.coli cells, the two adapters form stable heterodimers with a disulfide bond. The incorporation of the heterodimer into the phage particle leads to phage surface display (left panel in Fig. 1) .
Similarly, the yeast helper vector is required to combine with the dual-functional display vector for yeast surface display. In the yeast helper vector, adapter 2 is fused in frame with the yeast outer wall protein Cwp2 (Wang et al., 2010b) . On induction with galactose, both adapter fusions are transported to the yeast secretion pathway, where the two adapters associate and the resulting heterodimers are anchored in the outer cell wall, leading to yeast surface display (right panel in Fig. 1) .
Display of the Fab antibody fragment on phage and yeast surfaces using the same vector
The GMCT helper phage and pMAT8 yeast helper vectors were created previously (Wang et al., 2010a,b) . The newly constructed display vector, pMAT33, shown in Fig. 2a , contains the essential elements for functioning in E.coli and yeast S.cerevisiae systems. For the expression and secretion of Fab molecules, two expression cassettes were built into this phagemid vector for human k light chain and heavy chain -adapter GR1 fusion (VH-CH1-GR1). In yeast, the expression of heavy and light chains was under the control of two galactose-inducible GAL1 promoters and directed to the secretion pathway by the signal sequences derived from S.cerevisiae endo-B-1,3-glucanase protein Bgl2p. The centromere CEN6 and autonomously replicating ARS4 sequences were included in the vector for replication in the yeast. In E.coli cells, Fab expression was driven by two bacterial Lac promoters (within small yeast introns) inserted in the 3 0 regions of the two yeast GAL1 promoters. The signal sequence of yeast Bgl2p was functional in E.coli for Fab secretion as well.
As a proof-of-concept experiment, the VH and Vk sequences of an anti-IL13 receptor antibody were cloned into the pMAT33 vector. The Fab phage display experiment was carried out by infection of TG1 cells harboring vector pABMT33 with the GMCT helper phage. The adaptordisplay T33 phages generated from the TG1 cells with both display and helper phage vectors were used in a phage ELISA to detect the antigen-binding activity of the Fabs on the phage surfaces. As shown in Fig. 2b , the adaptor-display phage showed concentration-dependent binding activity to the antigen interleukin 13 receptor (IL-13R). These data indicate the functional display of the anti-IL13R Fab antibody fragment on the phage surface using the pMAT33 vector.
Next, the same display vector was transformed into S.cerevisiae strain KQP600 with chromosomal integration of the pMAT8 yeast helper vector for yeast surface display. After galactose induction, the resulting T33 yeast cells were incubated with biotinylated IL-13R antigen and then probed with Alexa Fluor 633 -labeled streptavidin. The cells were subsequently analyzed using flow cytometry. The FACS data in Fig. 2c indicate that up to 70% of the individual cells within the tested population bound specifically to the IL-13R antigen. In contrast, the same cell population, when stained with fluorescent Alexa Fluor 633 -labeled streptavidin alone (without the IL-13R antigen), did not show detectable cell surface fluorescence.
In conclusion, the above results demonstrate that the crossspecies display platform worked for Fab antibody fragments in both prokaryotic phage and the eukaryotic yeast systems using the same display vector, pMAT33.
Parallel selection of a model library displayed on phage and yeast surfaces
The cross-species display using the same display vector provides the possibility to display a library that can shuttle between phage and yeast surfaces. Therefore, the library can be constructed once and is able to be selected in both phage and yeast display formats without the need for molecular cloning. As a proof of concept, we performed a parallel phage and yeast selection of a model library, which was prepared by mixing the anti-IL-13R T33 phages with nonbinding phages (displaying a control Fab using the same cross-display vector) at a ratio of 1:10 10 in a total population of 10 13 phage particles. Given the large size of this model library, it would be a time-and antigen-consuming process for yeast selection. As an alternative, we performed firstround selection in phage to reduce the library size, and then the enriched library was directly processed to yeast display and FACS sorting. As the anti-IL-13R Fab fragment was isolated originally from a phage library, there was no concern of diversity loss from this enrichment step. After one round of phage panning against IL-13R antigen, the library size was reduced to 10 6 , which is suitable for direct FACS sorting. Starting from this enriched library, a parallel selection of phage and yeast display was carried out (Fig. 3a) .
For yeast display, the enriched library DNA was extracted from the TG1 cells and directly transformed into S.cerevisiae . This model library was first enriched by one round of phage panning against the antigen IL-13R, followed by selection in phage and yeast display in parallel. PCR analysis showed that the T33 phage was enriched to 31% of the population after P2 panning and 94% after P3 panning. For yeast display, the T33 yeast was enriched to 19% after the first round of sorting and to 68% after the second round of sorting. (b) Histograms of yeast sorting of the enriched model library. FACS showed that .50% of the yeast population had surface expression of anti-IL13R Fabs after two rounds of sorting. KQP600 cells. More than 10 7 transformants were obtained to ensure the coverage of enriched library diversity. After galactose induction, the yeast cells were first incubated with biotinylated IL-13R antigen and then probed with Alexa Fluor 633 -labeled streptavidin. Yeast cells were subsequently sorted by flow cytometry using a 0.1% sorting gate. One more round of FACS sorting was repeated. FACS analysis showed that .50% of the population bound to the IL-13R antigen after two rounds of sorting (Fig. 3b) . Furthermore, yeast colonies on SD-CAA (-Trp & -Ura) plates were picked after each round of sorting for PCR analysis using a pair of primers specific for anti-IL-13R antibody. The data shown in Fig. 3a indicate that 19% (8 out of 42 clones tested) of the population was the T33 yeast after first-round sorting and that the T33 yeast population increased to 68% (13 out of 19 clones tested) after the second round of sorting.
In parallel with yeast sorting, the model library went through two more rounds of phage panning. As shown in Fig. 3a , T33 phages were selected from this model library and enriched to 31% (11 out of 36 clones tested) of the population after second-round panning and 94% (34 out of 36 clones tested) of the population after third-round panning. In summary, these results demonstrate that the parallel phage and yeast selection strategy was successful for the same library.
Parallel selection of an affinity maturation library on phage and yeast
To further explore the parallel selection approach, we cloned a VH-maturation library, with of the size of 1.1 Â 10 9 and diversity in all three CDRs, into the cross-display vector. This affinity maturation library was phage-displayed and panned against human PCSK9 protein for six rounds. One hundred and sixty-two unique phage clones with at least one amino acid difference in the CDR regions were identified from 593 binders (123 from selection on surface antigen and 470 from selection on antigen in solution), and half of the clones had one amber stop codon, which encodes the amino acid glutamine in the TG1 strain. Slowing down Fab expression by lowering the growth temperature reduced the number of clones with the amber codons, suggesting the presence of bias due to host toxicity associated with Fab expression. The affinities of the top 10 hits were measured and showed 1.8-7.8-fold improvements (Table I) .
In parallel, we also performed yeast display and selection. To reduce the workload, we started from the first round of the phage panning-enriched library. The library DNA was directly transformed into S.cerevisiae KQP600 cells for yeast display. After two rounds of sorting on Fab expression and five rounds of sorting on antigen binding, a total of 107 unique yeast binders were identified from 552 Fab sequences, and none of them contained an amber codon. Interestingly, none of the sequences of yeast hits was identical to any phage hit. The binding affinities to antigen PCSK9 were measured for top clones, and the top 10 clones showed 4.6-12.2-fold improvements (Table I ). These results suggest that the potential loss of yeast-preferred diversity was limited after one round of phage panning and that the unique yeast clones were able to be selected from this enriched library. These results also show that parallel library selection can isolate more unique hits than the single-species selection.
Affinity screening of yeast library hits in the E.coli system
The affinity of yeast hits can be determined by flow cytometry for individual clones. To increase the throughput of affinity measurements within a shorter time, we developed a new process for the yeast hits by shuttling them back to the bacterial system (Fig. 4) . Taking advantage of the fact that the cross-species display vector works for Fab secretion in E.coli cells with a faster growth rate, we extracted the maturation library DNAs from the post-sorting yeast pool and transformed them into TG1 cells. After overnight incubation on agar plates, TG1 colonies were picked, grown in a 96-deep-well plate and induced overnight with IPTG for Fab secretion. The Fab-containing supernatants were subjected to affinity characterization directly.
The affinity measurement was conducted using ProteOn XPR36 (Bio-Rad), a protein interaction array system that can simultaneously analyze up to six ligands with up to six analytes. The Fab proteins in the culture supernatants were directly captured on a GLC sensorchip immobilized with anti-Fab antibody (to avoid the potential bivalency caused by Fab dimerization through the C-terminal free cysteine). After the Fab molecules were captured and purified on the sensorchip, the PCSK9 solutions of five different concentrations were injected simultaneously to generate real-time sensorgrams for the kinetic analysis of each Fab sample. With this process, we were able to complete affinity measurements for 96 Fab fragments within 24 h.
In parallel with this affinity measurement, the clones in the 96-well plate were also submitted to direct colony sequencing. The step of plasmid DNA isolation or antibody gene PCR from each yeast clone was eliminated.
Discussion
Cross-species display technology has provided a new approach for the construction and selection of antibody libraries. This technology allows the display of the same antibody libraries on the prokaryotic phage and eukaryotic yeast 
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Parallel selection of antibody libraries without the need for molecular cloning. Using this crossdisplay system, one can effectively construct a large, diverse library in the same display vector, and subsequently, the library can be displayed and selected in both phage and yeast systems. Currently, building a large, diverse, high-quality antibody library remains a challenge and is a very labor-intensive and time-consuming process. This 'two birds with one stone' strategy using the cross-species display platform avoids the need to build an individual library for each species. Conventionally, a library built in a given display system has to be selected within the same species. The strategy of display and selection is one of the most important attributes for exploiting the potential diversity of an antibody library. The system biases associated with host toxicity and expression variability can significantly impact the final selection outcomes. With repetitive selection pressure, only the binders with good expression and low host toxicity will survive. Therefore, selection of a library in different hosts will lead to amplification of different antibody populations. The selection of an HIV-immune antibody library in yeast display has generated many new clones that were not selected by phage display, but the new scFv antibodies isolated from yeast were not displayed well on the phage surface (Bowley et al., 2007) . It will be of interest to study parallel phage and yeast selection for a large, naïve antibody library that is not pre-selected against any antigen by any immune system. In this study, we also observed bias from the selection of a synthetic maturation library. Using cross-species display for parallel selection, we isolated .100 hits from each species, and the hits from phage and yeast were distinct from each other. Phage selection generated large numbers of clones carrying amber stop codons that reduced Fab expression. Switching to a non-amber suppressor strain, SS320, led to the selection of dominant clones with opal codon mutations (read through as tryptophan) (data not shown). One of the possible explanations is that the toxicity associated with Fab expression in E.coli led to the selection of phage clones with higher binding affinity but lower expression due to amber or opal codon mutations. The yeast selection overcame the phage bias and led to the isolation of new hits with affinity improvements and good yeast expression. These data suggest that the parallel phage and yeast display can complement each other and increase the selection efficiency to generate more unique hits from the same library.
In addition to the parallel selection from the beginning, one round of phage selection may serve as an enrichment step to reduce the library to a size suitable for yeast FACS sorting. This may be useful for a large library with a size .10 10 clones. Technically, it is difficult to select a yeast library with such diversity. The potential risk associated with this strategy is the loss of clones with low expression in the bacterial host after one round of enrichment. However, this selection strategy may lead to the isolation of antibody sequences that are highly expressed in both prokaryotic and eukaryotic systems, which may benefit the downstream production. In this study, a large number of yeast-unique clones were still isolated using this strategy, suggesting that the diversity loss from this cross-species transfer is limited. The top 10 yeast hits were converted into IgG2 for transient expression in HEK293 cells, and all were expressed well (data not shown). Cross-species display technology has built a bridge between the prokaryotic and eukaryotic systems. Therefore, we were able to shuttle yeast hits back to E.coli for affinity characterization using ProteOn XPR36 at a higher throughput with a shorter time for Fab sample preparation. This back-to-bacteria strategy also provided the convenience of high-throughput sequencing of yeast hits by direct bacterial colony sequencing.
